Relatively little data is available on regional differences in both morphological and functional studies of vaginal smooth muscle in the rabbit. Histological and in vitro strip studies were performed upon the vaginal walls of 10-week-old New Zealand White rabbits discriminately according to location (upper, middle or lower) and the type of muscle arrangement (longitudinal or circular). The contraction and relaxation responses of the vaginal smooth muscle were assessed. The upper and middle third of the vagina were histologically characterized by an abundance of smooth muscle, while the lower third was composed of numerous sinusoids scattered among smooth muscle bundles. The peak amplitudes of 60 mM KCl-induced contraction per tissue strip weight were regionally different (upper4middle4lower). Contractile responses induced by adrenergic agonists (epinephrine, norepinephrine, phenylephrine and isopreterenol) showed regional differences, and were mainly of a tonic nature in lower part and strong phasic in middle and upper vagina. Electrical field stimulation induced a prominent relaxation response in the lower third of the vagina precontracted with phenylephrine (5 lM). This relaxation response was partially inhibited by N-omega-nitro-L-arginine methyl ester (NAME, 43.3 7 6.9%, s.e.), a nitric oxide synthase inhibitor, and D-vasoactive intestinal peptide (VIP) (11.3 7 4.4%), a VIP receptor antagonist. The type of muscle arrangement did not affect the results. Our results demonstrated that rabbit vagina has regional difference, not only histologically but also functionally. The contractile response was induced in all regions of the rabbit vagina by sympathetic agonists, while the prominent nerve-mediated relaxation was identified in the lower third portion of the rabbit vagina. The nature of relaxation and contractile function of vagina awaits future investigation.
Introduction
The sexual function of women has been considered passive compared with that of males, and accordingly, information on female sexual dysfunction is relatively scarce. Moreover, research on female sexual function is believed to be difficult because psychological factors intervene much more so than in the male. Since the primary interest in females, in the gynecological field, has been limited to reproduction, functional studies on females have been limited to the uterus and fallopian tubes. In this regard, the vagina has been considered to be a part of the birth canal. However, the vagina is self-evidently involved in the sexual function of the female.
Although there have been early works on the objective measurement of the physiological change in the vagina, 1,2 relatively little information is available to date on the vagina. [3] [4] [5] [6] Recently, the definition and classification of female sexual disorders have been established. Female sexual disorders are viewed as disturbances in desire, arousal or orgasm as well as sexual pain disorders that include dyspareunia and vaginismus. 7 To better understand the pathophysiology of the sexual dysfunctions of men and women, it is essential that basic research be performed using appropriate animals. The rabbit has been widely used as an animal model for male sexual dysfunction and it is increasingly being used in the basic research of the female counterpart. Some of the physiological response of the lower third portion of vagina has been explored in the rabbit by other investigators. [4] [5] [6] 8 However, information on the functional and histomorphological overview of the whole vaginal canal in the rabbit is still sparse.
Embryologically, lower third of human vagina is derived from the urogenital sinus and the Wolffian duct, 9 while the rest of the vagina arises from the Mullerian structure. Therefore, the function and histology of the vagina is presumed to be regionally different. To get an insight into female sexual function, we undertook to elucidate basic comprehensive information according to vaginal region and the arrangement of smooth muscle by morphological and by in vitro functional study of the rabbit vagina in hope that it will provide foundation for further investigation.
Materials and methods
Adult female New Zealand White rabbits (N ¼ 43), aged 10 weeks, were purchased (Choongang Laboratory Animal, Inc., Seoul, Korea) and maintained in a controlled environment with a 12 h light: 12 h dark cycle. After acclimatization for 2 weeks, rabbits were killed by ether anesthesia and exsanguination. The vagina was carefully removed together with uterus, adnexa, urinary bladder and urethra to maintain the integrity of the vagina, and was subsequently submerged in bicarbonate buffered Tyrode solution, gassed with 5% CO 2 /95% O 2 .
Histological examination
Vagina was carefully separated from surrounding soft tissues in a dish containing buffered bicarbonate solution aerated with 95% O 2 /5% CO (251C). Under the dissecting microscope ( Â 6, SLZ-746-10PH, SELOPT Co., Seoul, Korea), three morphologically distinct regions were identified on the mucosal side of the rabbit vagina. The lower third of the vaginal wall was thick and had successive transverse folds along its length. The surface of the middle third was undulatory and thinner than the lower third. The margin between middle and lower third was distinctly identified by wall thickness and the presence of mucosal folding. The upper third portion, which abuts the uterine cervix, was thinner than the middle third and had a smooth mucosal surface ( Figure 1a ).
Vaginal tissue strips were taken for in vitro bath study and histological study from each of the three portions. Histological and functional aspects of rabbit vagina S-J Oh et al All tissues were coded and placed in 10% buffered formalin solution, and allowed to fix overnight at 41C. The tissues were embedded in paraffin and cut into 5 mm sections. Staining was performed either with hematoxylin and eosin for general histological analysis or with Masson's trichrome to determine the proportion of smooth muscle to connective tissue. Histological evaluation, including muscle distribution and arrangement, were observed at a magnification of Â 40 (FLUO-VIEW+IX70, Olympus Optical Co., Japan). The thickness of muscle layer was determined by measuring the distance between submucosa and serosa on the cross-section. Computer-assisted color histomorphometry analytically was used to assess the mean percentage of smooth muscle to total tissue in the tissue sections examined. The technique involved randomly selecting five fields from sections stained with Masson's trichrome from each portion (upper, middle and lower) of the vagina (for a single animal 30 fields in total were examined). Each field image was examined on a color monitor and representative areas were sampled. Using image analysis software (Optimas Image-Pro Express, Media Cybernetics, L.P., Carlsbad, CA, USA), the total smooth muscle area (colored red) and the total sinusoidal area (unstained) were calculated, and the muscle and sinusoidal contents were drawn in proportion to the total area of the muscular layer in each portion of vagina and the three regions compared.
Functional study
Strips of the muscle coat were obtained by removing the mucosal layer in oxygenated CO 2 /bicarbonatebuffered Tyrode solution at room temperature. The vaginal muscle strips (width Â length ¼ 1.5 mm Â 10 mm) were taken from the locations of interest, that is upper, middle and lower, and of longitudinal and circular muscle arrangements.
In a vertical chamber (capacity 20 ml), one end of the muscle strip was tied to a glass hook fixed to a muscle holder and the other end connected to a force transducer (FT03, Grass, USA). The muscle strips were then equilibrated in the bath solution for 40-50 min. The analog signal obtained from the transducer was amplified (P-122, Grass, USA) and converted to digital signal (Polyview, Grass, USA) at a sampling rate of 5 Hz and stored into a Pentiumgrade computer in ASCII form. In preliminary experiments, muscle strips were stretched to approximately 180% of their resting lengths to obtain the maximal contractions.
To identify the putative neurotransmitter responsible for smooth muscle contraction/relaxation at the nerve terminal of the intrinsic nerve in the vaginal tissue, each vaginal strip was stimulated with electrical field stimulation (EFS) to inhibit either responses. Strips were precontracted with 5 mM phenylephrine prior to evaluating the relaxation response. EFS (70 V/cm 2 , 0.8 ms, 1-50 Hz pulse, 10 s train duration, 4 min interval) of the intrinsic intramural nerve was applied to elicit the nervemediated contraction/relaxation response. In order to identify the response characteristics for different muscle arrangements, responses were obtained mainly from circular strips. They were compared with those from longitudinal strips under the same experimental conditions. At the end of each experiment, a high concentration of KCl (60 mM) was applied to the strips to obtain the maximal contractile response.
Data analysis, drugs and solutions
Results from the nerve-mediated relaxation response elicited by EFS were calculated as a percentage of the control maximal amplitude of relaxation prior to the addition of the inhibitor. The magnitudes of the contractile response were normalized by tonic amplitudes of the contraction to each autonomic neuromodulators and expressed in three different ways: as absolute tensions (in g), as the tension generated per gram of tissue weight (g/g) and as a percentage of the maximal amplitude obtained in response to 60 mM KCl measured at the end of each experiment. 10 Contractile responses to 60 mM KCl in different regions were normalized by absolute tensions (in g) or the tension generated per gram of tissue weight (g/g). Figures show either raw data or the means and mean standard errors. Statistical analysis was performed using repeated measures ANOVA, Kruskal-Wallis test and the Mann-Whitney U-test by SPSS (ver 10.01, SPSS Inc., Chicago, IL, USA). A Pvalue of under 0.05 was accepted as indicative of a significant difference. Small n denotes the number of tissue strips used, and capital N denotes the number of animals used for each set of experiments.
Organ chamber experiments were performed in CO 2 /bicarbonate-buffered Tyrode solution (36.51C), which contained (in mM) NaCl 116, KCl 5.4, CaCl 2 1.5, MgCl 2 1, NaHCO 3 24, glucose 5 (pH 7.3-7.4, bubbled with 5% CO 2 /95% O 2 ). The drugs used in this study, namely, L-arginine (a substrate of nitric oxide (NO)), sodium nitroprusside (SNP) (an NO donor), N-omega-nitro-L-arginine methyl ester (NAME) (an NO synthase inhibitor), N(omega)-nitro-L-arginine (L-NNA) (an NO synthase inhibitor), tetrodotoxin (TTX), CCh, epinephrine, norepinephrine, phenylephrine, isoproterenol, prazosin, NaCl, KCl, MgCl 2 , CaCl 2 , glucose and NaHCO 3 were purchased from Sigma (St. Louis, MO, USA) and [4-Cl-Dphe6, Leu17]-VIP (D-VIP) (a VIP receptor antagonist) were purchased from the American Peptide Company (Sunnyvale, CA, USA).
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Results

Histological examination of the rabbit vagina
The thickness of the vaginal wall was greatest in the lower third of the vagina and least in the upper third (Po0.05) ( Figure 1 , Table 1 ). In the lower third of the vagina, the mucosa was lined by two or three layers of stratified squamous epithelium, and numerous vascular sinusoids lined by endothelial cells were observed throughout the muscularis propria. Each sinusoidal structure was surrounded by scattered smooth muscle bundles and connective tissues mainly organized by loosely arranged collagen component. Of the three vaginal regions, significantly lower muscle content was evident in the lower third (Po0.05).
Middle third region of the vagina was lined with simple columnar epithelium, where a sinusoidal structure was evident but not as prominent as in the lower third. Histologically, the upper third of the vagina was lined by simple columnar epithelium and characterized by a compact arrangement of muscle strands, without sinusoidal structure. Histologically, the inner circular and outer longitudinal arrangement was most distinct in the upper third of the vagina. Contractile response by autonomic neuromodulators. Autonomic neuromodulators including muscarinic and adrenergic agonists were applied to the bath to characterize in vitro contractile responses of the vaginal muscle strips of the different regions. In all regions of vagina, a large contraction was elicited by epinephrine or norepinephrine. Both phenylephrine and isopreterenol also induced strong contractile responses. The dose-response relation to the isoproterenol was obtained in significantly higher concentrations compared with other sympathetic agonists (Po0.05). No significant response was induced by applying CCh.
The amplitude and the shape of contractile response elicited by phenylephrine (5 mM) were different by regions. Tonic contraction was observed in all strips (39/39) of the lower third portion of the vagina, while large amplitude of phasic contractions superimposed on low-amplitude tonic contractions was observed in 95.5% (21/22) of the upper or 75.0% (15/20) of middle vaginal regions (n/N ¼ upper third, 13/10; middle third, 12/11; lower third, 13/ 11). Only low amplitude of tonic contractile activities without any superimposed phasic contraction was observed in the remainder of the upper and middle portions of vaginal strips (Figure 3) .
When the amplitude of contraction induced by sympathetic agonists was normalized by the weight of the strip, the amplitude of contraction of the lower vaginal region was the least. However, significantly higher amplitude of contraction of the lower vaginal Histological and functional aspects of rabbit vagina S-J Oh et al region was observed at higher phenylephrine, epinephrine or norepinephrine concentrations, after the observed amplitudes were normalized by KClinduced contraction (Po0.05). The contractile response of the upper vaginal region to epinephrine or norepinephrine was significantly lower than the other vaginal regions (Po0.05). Contractile response to isoproterenol was not significantly different for the three vaginal regions (P40.05) (Figure 4 ).
Nerve-mediated contractile response. EFS produced frequency-dependent contractions in all strips. The contractile response induced by a 50 Hz EFS was of maximal amplitude and was reproducible. The contractile response of the vaginal strip induced by EFS was completely abolished by TTX (0.3 mM), which proved nerve-mediated contraction. Strong nerve-mediated contractile responses were observed in upper and middle third, Histological and functional aspects of rabbit vagina S-J Oh et al while only weak contractions were observed in the lower third. These responses were not affected by the atropine (5 mM) (n/N ¼ upper third, 7/7; middle third, 7/7; lower third, 5/7). However, these were completely abolished by prazosin (1 mM) in all vaginal regions (n/N ¼ upper third, 9/7; middle third, 8/7; lower third, 6/7) ( Figure 5 ).
Nerve-mediated relaxation response. EFS induced a prominent relaxation response in the lower third of the vagina precontracted with phenylephrine (5 mM), but no relaxation response in the upper third and the middle third portions at the same experimental condition. Therefore, experimental results regarding nerve-mediated relaxation responses were obtained in the lower third portion of the vagina. Since the amplitude of EFS-induced relaxation was maximal at 10 Hz, all responses were compared at this stimulation frequency (n/N ¼ upper third, 7/7; middle third, 8/7; lower third, 14/11) ( Figure 6 ).
Relaxation response induced by EFS in precontracted lower third vaginal strips was augmented by treatment with either L-arginine (1 mM) (n/N ¼ 6/6) or SNP (10 mM) (n/N ¼ 9/7), but the effect was not statistically significant (P40.05). Relaxation response was reduced by 43.3 (76.9, s.e.)% with the application of NAME (100 mM) (n/N ¼ 12/12). L-NNA (10 mM) did not affect the nerve-mediated relaxation response in this region (n/N ¼ 9/7) ( Figure 7 ). In addition, relaxation was significantly blocked by 11.3 (74.4)% by the administration of D-VIP (1 mM) (Po0.05) (n/N ¼ 12/12).
In all of the above functional studies, the magnitudes of contractile response between the longitudinal strips and the circular strips to the same drugs were not statistically different (P40.05).
Discussion
Over the past decade, major advances have been in our understanding of the pathophysiology of male erection. Since vascular risk factors increase and the hormonal environment alters in both sexes with aging, sexual dysfunction might also take place in female sexual target organs, and in the female, these effects may be particularly associated with the development of menopause. 11, 12 Until recently, however, little attention has been paid to the pathophysiology of female sexual dysfunction, with the exception of a small number of recent publications. [4] [5] [6] 8 One of the main reasons for this relative lack of investigation of female sexual dysfunction Figure 5 The nerve-mediated contractile response in the rabbit vagina elicited by electrical field stimulations (EFS; pulse with 50 Hz, 0.8 ms duration, train duration of 10 s). These responses were not affected by the atropine (5 mM) (n/N ¼ upper third, 7/7; middle third, 7/7; lower third, 5/7). However, these were completely abolished by prazosin (1 mM) in all vaginal regions (n/N ¼ upper third, 9/7; middle third, 8/7: lower third, 6/7). The responses from the middle third portion of vaginal strips were not presented in this figure since they showed similar responses to that from the upper third. This original trace is drawn from single tissue preparation and is representative of all experiments in this series. Histological and functional aspects of rabbit vagina S-J Oh et al has been the lack of a relatively inexpensive and reliable animal model. However, the New Zealand White rabbit is one of the viable animal research models for female sexual dysfunction. [4] [5] [6] 8 The present study demonstrates that the lower third of the rabbit vagina is histologically different from the remainder of the vagina with respect to muscle mass and the general architecture of the vaginal wall. The thickness of the vaginal wall was greatest in the lower third of the vagina but the muscle mass was the least. The most distinct histological finding in the lower third portion of the vaginal wall is the abundant sinusoidal structures, scattered among the muscle bundles and interstitial collagen tissues. The histological distinction between the lower third and the remainder of the vagina correlates well with the results of our functional studies. When the nerve-mediated smooth muscle response was elicited with EFS, the relaxation response was prominent in the lower third of the vagina without any noticeable relaxation response in the remainder of the vaginal tissue. Regional difference of vagina was also demonstrated in rat, where immunohistochemical staining of various nerve terminals suggested that the most distal part of the vaginal wall was very richly innervated. 13 Although animal vagina might be somewhat different from that of human, the human vagina might be regionally different, as it is known that the human vagina also has a dual origin. The distal third of the human vagina is embryologically derived from the urogenital sinus and the upper two-thirds from fused Mullerian ducts. 9 The fusion of the sinus vagina and Mullerian vagina forms a continuous lumen. This is further supported by clinical evidence. The septum in middle vaginal atresia is lined on its superior portion with columnar epithelium consistent with a mullerian duct origin, whereas the inferior aspect is lined with squamous epithelium consistent with a urogenital sinus origin.
14 Moreover, a immunohistochemical study of the normal human vaginal tissues taken from different parts of vaginal wall show regional difference, the more distal area of vaginal wall having more nerve fibers compared to the more proximal parts. Therefore, it is reasonable to believe that the human vagina is functionally different by region. Further functional study using the human vagina is warranted to elucidate such functional difference.
Presently, NO is understood to account for the important biological functions of corporal smooth muscle relaxation of the penis. 15 NO synthesized and secreted from the NANC nerve terminal diffuses through trabecular smooth muscle, causing the local production of cGMP, which induces smooth muscle relaxation via a series of biochemical steps. NO has been also suggested to be an important transmitter of nervous control in the female reproductive tract. Grozdanovic et al 16 demonstrated by immunohistochemical staining that the vaginal muscular wall contains abundant NOS-reactive nerve fibers running parallel to the smooth muscle bundles and beneath the epithelium. Hoyle and et al 17 also showed that NO-containing nerve fibers are present in the human vaginal tissue. These findings suggest that nerves that utilize NO as a neurotransmitter may play a role in the relaxation of vaginal tissue and in the control of blood flow and capillary permeability in the human vagina when erotic stimuli are present. NO mediation is highly thought to play a substantial role in the relaxation of the lower third portion of the rabbit vagina where the relaxation response was found to be prominent. The NANC relaxation of vaginal strips found in the present study is mediated in part by neuronally derived NO. However, the relaxation response of Histological and functional aspects of rabbit vagina S-J Oh et al the rabbit vagina was not completely blocked by NAME or L-NNA and it was not augmented by the NO donor or NO substrate, suggesting that there are additional inhibitory NANC neurotransmitters mediating the major residual NANC relaxant response. Nerve fibers containing VIP have been also previously shown to be present in the human fallopian tube and uterine cervix. 18 Moreover, it has been proposed that VIP plays a role in local nervous control of uterine or vaginal smooth muscle and is involved in vasodilatation. 19 In the present study, we could identify a functional role of VIP in the nerve-mediated relaxation in the lower third portion of the rabbit vagina. Recently, extensive investigation to characterize the NANC relaxation response in the rabbit vaginal wall conducted by Ziessen et al 8 demonstrated that the non-nitrergic component is responsible for the majority of relaxation. They also showed that this non-NO-mediated NANC response was associated with VIP, in agreement with our present results. Potential mediators of the remaining NANC relaxation included substance P, neuropeptide Y, calcitonin gene-related peptide, helospectin and bombesin/gastrin releasing peptide. Although very little is known about possible species differences, the neurotransmitters involved in the nerve-mediated relaxation are thought to have significant species variation. Giraldi et al 20 found that there was no effect of VIP on the EFS-mediated relaxation in the rat vagina. They demonstrated that this relaxation response was abolished by the addition of L-NNA, showing that NO has a significant role in nerve-mediated relaxation in the rat vagina. The identification of neurotransmitters responsible for the relaxation of the vagina is undoubtedly important because certain local or systemic pathology might alter the role of the neurotransmitters affecting the sexual function. 20 Additional studies are needed to further explore the role of the various neuropeptides, and to fully characterize the neurotransmitters important in this relaxation response.
In the present study, the contractile characteristics and the relaxation response of the vaginal smooth muscle were studied. Bohlen et al 21 showed that regular contraction of the vagina was identified in women manually self-stimulated to orgasm. They emphasized that contractile function is as important as the relaxation of vaginal smooth muscle and that the contractile pattern should be regarded to be clinically relevant. Vaginal contraction might also constitute as important a part of the sexual function of vagina as the relaxation function. The nature of contractile function of the vaginal smooth muscle obtained by animal experiments should be further elucidated to correlate the clinical importance.
Contractile function of the lower portion of vagina has not been intensively characterized although relaxation response has been described. 4, 8 The characteristics of the contraction show regional differences: tonic response is prominent in the lower third, while phasic contractile activities predominated in the middle and the upper thirds. The magnitude of the contraction is probably the result of differences in the amount of smooth muscle. Histological study in the present study found that the muscle contents of the upper or the middle third portions of the vagina are significantly higher than those of the lower third. This finding is consistent with the functional results in terms of the magnitude of the contraction elicited by the absolute value of the KCl response. When contractile responses induced by autonomic neuromediators were normalized with respect to the amplitude of the KCl-induced response, significantly higher magnitudes of contraction were observed in the lower third of the vagina. This implies that the contractile function of the lower third of the vagina and its relaxation response constitute important aspects of the female sexual function. Our study shows that a substantial portion of the nerve-mediated contractions induced by EFS is blocked by metoprolol and prazosin in all three different regions, while they were not inhibited by atropine. These observations show that the contractile function of the rabbit vagina is mainly under the sympathetic control rather than cholinergic one.
One of the limitations of our study is the endogenous hormonal influence, because the upper and the middle portions of the vagina are closely related to the reproductive organs. Wild and domestic rabbits are said to have a definite period of anestrus. 22 Therefore, it is certain that there is a significant change in sex hormone level in the rabbit. In this respect, the possibility of certain change in the receptor density or the receptor affinity to neurotransmitters still exists in the rabbit. 23 The effect of endogenous hormonal variation on the histology and function of the rabbit vagina waits for further investigations.
The perivaginal fascia and smooth muscle structures may have relevance with regard to female sexual dysfunction. Certainly, these structures were not studied in this investigation, but it is most likely that these structures surrounding the vagina have relevance with regard to female sexual function. Future studies may be helpful to look at these structures as well with regard to neurotransmitter localizations and functional aspects.
Previously, we believed that circularly oriented smooth muscle is more important in function than longitudinal smooth muscle. However, no difference in the pharmacological response to autonomic agents or EFS was observed to depend upon muscle orientation. Our results demonstrated that the vagina is functionally different according to its regions. It is hoped that research results obtained Histological and functional aspects of rabbit vagina S-J Oh et al from the animal may lead to our improved understanding of the structural and physiological characteristics of the human vagina.
Conclusions
Our experiment demonstrates that the vagina is regionally different in function and histology. The main functional significance of these regional differences in the rabbit is associated with the relaxation of the lower portion of the vagina. Since relatively little information is available on the vaginal function, the significance of the contractile function of vagina remains to be determined. Furthermore, it is suggested that the lower third of the rabbit vagina be used for research on vaginal relaxation until more is known of the characteristics on the human vagina.
